Dynamic changes in gene positioning contribute to differential expression of virulence-related gene families in protozoan pathogens; however, the role of nuclear architecture in gene expression in the human malaria parasite Plasmodium falciparum remains poorly understood. Here we investigated the developmentally regulated ribosomal RNA (rRNA) gene family in P. falciparum, which, unlike that in most eukaryotes, contains only a few unlinked copies of rRNA genes scattered over the subtelomeric regions of several chromosomes. We show that active and silent members of this gene family cluster in a single perinuclear nucleolus. This rDNA nuclear confinement is DNA sequence dependent, as plasmids carrying rDNA fragments are targeted to the nucleolus. Likewise, insertion of an rDNA sequence into a subtelomere from a chromosome lacking rRNA genes leads to repositioning in the nucleolus. Furthermore, we observed that rDNA spatial organization restricted interchromosomal interactions, as chromosome end-bearing rRNA genes were found to be preferentially juxtaposed, demonstrating nonrandom association of telomeres. Using Br-UTP incorporation, we observed two α-amanitin-resistant nucleolar transcription sites that disappeared when the rDNA cluster broke up in the replicative blood stages. Taken together, our results provide conceptual insights into functionally differentiated nuclear territories and their role in gene expression in malaria parasites.
Dynamic changes in gene positioning contribute to differential expression of virulence-related gene families in protozoan pathogens; however, the role of nuclear architecture in gene expression in the human malaria parasite Plasmodium falciparum remains poorly understood. Here we investigated the developmentally regulated ribosomal RNA (rRNA) gene family in P. falciparum, which, unlike that in most eukaryotes, contains only a few unlinked copies of rRNA genes scattered over the subtelomeric regions of several chromosomes. We show that active and silent members of this gene family cluster in a single perinuclear nucleolus. This rDNA nuclear confinement is DNA sequence dependent, as plasmids carrying rDNA fragments are targeted to the nucleolus. Likewise, insertion of an rDNA sequence into a subtelomere from a chromosome lacking rRNA genes leads to repositioning in the nucleolus. Furthermore, we observed that rDNA spatial organization restricted interchromosomal interactions, as chromosome end-bearing rRNA genes were found to be preferentially juxtaposed, demonstrating nonrandom association of telomeres. Using Br-UTP incorporation, we observed two α-amanitin-resistant nucleolar transcription sites that disappeared when the rDNA cluster broke up in the replicative blood stages. Taken together, our results provide conceptual insights into functionally differentiated nuclear territories and their role in gene expression in malaria parasites.
nucleus | nucleolus | telomeres | transcription regulation E ukaryotic nuclei are highly organized structures in which DNA and proteins are confined to specific subcompartments such as nucleoli, nuclear bodies, nuclear speckles, transcription and replication foci, and chromosome territories. The most prominent intranuclear domain is the nucleolus, the ribosome factory. This subcompartment is formed upon transcription of the ribosomal DNA (rDNA) by RNA polymerase I (Pol I). The formation of single or multiple nucleoli is seemingly linked to the genomic organization of the tandemly repeated rDNA. For example, budding yeast has ∼150 rDNA units clustered on a single chromosome (chromosome 12) and forms one nucleolus, whereas human cells have ∼400 tandem repeats clustered on five chromosomes (chromosomes 13, 14, 15, 21, and 22) and form multiple nucleoli per nucleus (1, 2) . In addition, in yeast, the deletion of chromosomal rDNA and replacement by an equivalent number of plasmids bearing single rDNA repeats generates multiple small nucleoli (3), highlighting the importance of the tandem arrangement in nucleolar organization.
In the human malaria parasite Plasmodium falciparum, rDNA is not arranged in tandem arrays; instead, single rDNA units (18S-5.8S-28S) are spread out on different chromosomes (chromosomes 1, 5, 7, 11, and 13, Fig. 1A ) (4) (5) (6) . Moreover, the few rDNA units are slightly different in sequence and are differentially transcribed over the course of the parasite developmental cycle (7) (8) (9) . In this work, we investigated the nuclear position of active and silent members of this unusual rRNA gene family. Unexpectedly, we found that rDNA units from different chromosomes cluster in a single perinuclear nucleolus, regardless of their transcriptional status. This clustering of rRNA genes was observed only in prereplicative parasite blood stages, and was associated with the presence of two α-amanitin-resistant transcription sites detected by BrUTP incorporation technique, here described for P. falciparum parasites. In replicative and dividing blood stages, rDNA was dispersed in the nucleus and α-amanitinresistant transcription was not any longer visible, revealing a link between rDNA clustering and transcription. In addition, chromosome ends bearing rDNA units were found to be preferentially associated, suggesting that rDNA clustering may create physical constraints that shape the global genome nuclear organization and consequently the control of malaria gene expression.
Results
Previous studies, using immunofluorescence microscopy and PfNop1 antibodies, have described the nucleolus of blood-stage forms of P. falciparum parasites as a "hat-like" structure (10) very similar to that described in yeast. The presence of a single nucleolus was confirmed here by using antibodies against other conserved nucleolar proteins such as PfPol I (PFE0465c, Fig. S1A ) and PfNop5 (PF10_0085, Fig. S1B ), and by simultaneous detection of rRNA transcripts by RNA FISH (Fig. S1C) .
Given the unusual distribution of active and silent P. falciparum rDNA single units on different chromosomes, we hypothesized that the parasite might use distinct nuclear subcompartments to regulate differential transcription of rRNA genes. We presumed that rDNA units actively transcribed in blood stages [A1 and A2 genes (9, 11)] would be localized to the nucleolus, whereas silent rDNA [S1 and S2 genes (9, 11)] would be elsewhere in the nucleus. To test this hypothesis, we examined the localization of individual rRNA genes relative to the nucleolus using immunofluorescence of PfNop1 combined with DNA FISH (immuno-FISH). To discriminate between individual rRNA genes, we generated FISH probes specific for the upstream noncoding region of each rDNA unit (2-4 kb from transcription initiation site, Fig. 1A ). As expected, active rRNA genes were localized within or adjacent to the nucleolus in ∼90% of the nuclei (A1 93.2%, n = 73; A2 90.5%, n = 95; Fig. 1B) . Surprisingly, a similar percentage of localization in or near the nucleolus was observed for the silent members (S1 92.3%, n = 91; S2 90.0%, n = 80; Fig. 1B ), indicating that nucleolar positioning is independent of transcrip-tional activity. Similar results were observed when using PfPol I as nucleolar marker. A control gene (PFD0110w) from a subtelomeric position on chromosome 4 (which lacks rRNA genes) was detected apart from the nucleolus (Fig. 1B) .
In yeast, Pol III-transcribed 5S rRNA genes are located next to rDNA tandem repeats and are nucleolar by definition (12) . In the P. falciparum genome, three small 5S rRNA genes are located on chromosome 14 (Fig. 1A) . To determine the nuclear position of P. falciparum 5S rDNA, we performed immuno-FISH using PfNop1 antibodies and a 5S rDNA probe (which includes the three tandem repeated 5S genes and the separating noncoding regions). 5S FISH signals were seen associated or adjacent to the nucleolus in ∼90% of the nuclei (n = 128; Fig. 1B ), suggesting that in P. falciparum the nucleolus also concentrates Pol III transcription. This finding also predicts that other P. falciparum Pol III-transcribed genes, such as tRNA genes, may exhibit a similar localization, as seen in yeast (13) . Taken together, these data show that all P. falciparum rRNA genes, although dispersed on different chromosomes, are clustered in a single perinuclear subregion. Thus, P. falciparum is the first example showing that tandem repetition is not an absolute requirement for the formation of a single nucleolus.
To gain insight into the factors that determine the clustering of dispersed rDNA, we tested whether the rDNA sequence itself might contain information that determines its location in the nucleolus. We analyzed the spatial position of rDNA-carrying plasmids transfected into P. falciparum parasites. rDNA fragments covering an entire rRNA unit were cloned into a transfection vector derived from pLN-ENR-GFP (14); however, we were able to obtain stable transfected parasites for only one rDNA fragment of 3.4 kb ( Fig. 2A) . Immuno-FISH analysis of the transfected parasites using PfNop1 antibodies and a probe for the plasmid backbone revealed that no additional nucleolus was formed around the plasmid, as previously seen in yeast (3) . By contrast, we observed that plasmids carrying rDNA were associated with the nucleolus (pLN-rDNA 56.19%, n = 105; Fig. 2 B-D), whereas plasmids without the rDNA fragment were generally localized away from the nucleolus (pLN-ctrl 16.51%, n = 109; Fig. 2 B and C). This preferential nucleolar localization implies that the selectable drug gene (Pol II promoter), also present in the plasmid, can be actively transcribed while localized within the nucleolus. Alternatively, the two elements (Pol II promoter versus rDNA fragment) may exert different localization tendencies on the episomes, thereby explaining why we did not observed a higher percentage of plasmids containing rDNA in the nucleolus.
We further examined the importance of the rDNA sequence for nucleolar localization by attempting to insert the same plasmids into an internal and subtelomeric region of the genome, using parasite lines that allow site-specific integration (14, 15) . Although integration in the internal region of chromosome 7 (∼670 kb away from the A1 rRNA gene) failed, we successfully inserted the plasmids into the subtelomeric region of chromosome 9 (which lacks rRNA genes) ( Fig. 2E and Fig. S2 ). Immuno-FISH analysis of the nucleolus and plasmid backbone, as described above, showed that the chromosome carrying the 3.4-kb rDNA sequence is more frequently associated with the nucleolus (A4 These results suggest that nucleolar positioning is driven by the rDNA sequence, thus explaining the presence of silent and actively transcribed rRNA genes in a common subnuclear compartment. five rDNA units (circles) located on chromosomes 1, 5, 7, 11, and 13, and a tandem of three 5S rRNA genes (stars) on chromosome 14. rDNA units from chromosomes 1, 5 and 7 correspond to the previously named S1, A2, and A1 genes, respectively (9, 11) . rDNA copies from chromosomes 11 and 13 correspond to a duplication of the S2 gene. This duplication was confirmed by bioinformatic analysis and pulse-field gradient gel electrophoresis. A-types are transcribed in asexual blood stages, whereas S-types are predominantly transcribed in sexual stages of the parasite (8, 9, 11) . The malaria genome project has identified two additional incomplete units (lacking 18S gene) on both subtelomeres of chromosome 8 (not indicated in map). It is not known whether these units are functionally active (6) . Small vertical black bars denote centromere positions on each chromosome. Triangles indicate target locations of FISH probes used in this study (green in this figure and red in Fig. 3 ). (B) Immunofluorescence analysis using antibodies against the nucleolar protein PfNop1 (red) combined with DNA FISH (green) for individual rRNA genes (A1, A2, S1, S2, and 5S) and a subtelomeric unrelated gene (PFD0110w) on chromosome 4. The percentage of signals that localized in or near the nucleolus and the number of nuclei analyzed are as follows: A1 93.2%, n = 73; A2 90.5%, n = 95; S1 92.3%, n = 91; S2 90.0%, n = 80; 5S 90.6%, n = 128; PFD0110w 24.6%, n = 57. Parasites are in ring stage, and nuclear DNA is stained with DAPI (blue). (Scale bar, 1 μm.)
Given the localization of rDNA loci on subtelomeric regions (∼100 kb from the telomere, Fig. 1A) , we investigated the impact of rDNA clustering on telomeric cluster organization (16) . Twocolor DNA FISH analysis using rDNA and telomeric probes demonstrated that the nucleolus localizes to one pole of the nucleus, excluding telomeric clusters (Fig. 3A) . It was notable, however, that one telomeric cluster frequently localized adjacent to the nucleolus (56.67%, n = 60, Fig. 3A and Fig. S3A ). It was tempting to speculate about the existence of a nucleolusassociated telomeric cluster composed of rDNA-carrying chromosome ends. To study chromosome end interactions adjacent to the nucleolus, we chose four chromosomes bearing rDNA units and prepared FISH probes for the first gene adjoining the noncoding subtelomeric region from each chromosome (chromosomes 1, 5, 11, and 13; Figs. 1A and 3B). Subtelomeric genes from chromosomes lacking rRNA genes were used as controls (chromosomes 6 and 12; Figs. 1A and 3B). We first verified by immuno-FISH that the chosen rDNA-carrying chromosome ends localized in or near the nucleolus, whereas control chromosome ends localized away from the nucleolus (Fig. 3B and  Fig. S3B ). We next performed two-color DNA FISH and pairwise analysis of chromosome ends by measuring the distance between the centers of the two FISH signals, which was normalized to the nuclear diameter (17) . We observed that pairs of chromosome ends sharing rDNA sequences had smaller separating normalized distances (mean ± SD: chr1-chr5 0.21 ± 0.21, n = 112; chr1-chr11 0.19 ± 0.20, n = 101; chr1-chr13 0.23 ± 0.24, n = 118; Fig. 3 C-E) than pairs of chromosome ends with rDNA and unrelated sequences (chr1-chr6 0.57 ± 0.24, n = 111; chr1-chr12 0.58 ± 0.24, n = 93; Fig. 3 C and D) , indicating that chromosome ends bearing rRNA genes are closely juxtaposed. These data provide evidence of nonrandom telomeric cluster composition in P. falciparum parasites and implicate rDNA as a genetic element that favors specific chromosomal associations. They further support previous observations in yeast, demonstrating the importance of unique sequence elements to promote telomere pairing (18) .
The P. falciparum blood-stage cycle takes ∼48 h to be completed and includes parasite maturation through ring (∼0-18 h), trophozoite (∼18-38 h) and schizont (∼38-48 h) stages. DNA synthesis and multiple mitotic divisions begin ∼30 h after invasion of the red blood cell. To examine whether rDNA clustering is maintained through cell-cycle progression, we collected parasites from a synchronized culture at three time points: ∼12 h, ∼30 h, and ∼40 h within the same cycle. FISH analysis using a 28S probe demonstrated that rDNA was clustered at one pole of the nucleus in ring-stage parasites; however, in replicative and dividing stages, individual rDNA units disintegrated and dispersed to multiple foci in the nucleus (Fig. 4A) , demonstrating that rDNA nucleolar clustering is cell cycle dependent. Notably, the disorganization of rDNA in late-stages was linked with the relocation of nucleolar proteins such as PfPol I (Fig. 4B ), PfNop1 and PfNop5 (Fig. S4) . These proteins were detected in the nucleoplasm and cytoplasm in mature stages. To test whether PfPol I remains associated with the dispersed rDNA units, we carried out ChIP assays coupled to quantification by real-time PCR. In trophozoite and schizontstages, PfPol I was dissociated from the transcribed region of the four rRNA genes (Fig. 4C) . Consistent with the presence of PfPol I in the transcribed region of A1 and A2 rRNA genes only in early stages, levels of 45S precursor rRNA detected by real-time PCR were greatest in the ring stage (Fig. 4D) . Chromatin analysis also revealed that activation of rRNA genes is associated with low nucleosome density and changes in histone marks (Fig. S5) previously described for Pol II-transcribed genes in P. falciparum (19) .
To further visualize active PfPol I transcription in the nucleus, we labeled nascent RNA with bromo-UTP in the presence of α-amanitin, an inhibitor of Pol II and Pol III (20, 21) . In the absence of α-amanitin, several discernible fluorescent foci were detected in P. falciparum nuclei (5.51 ± 1.57 foci in ring, 11.09 ± 3.30 foci in trophozoite and >20 foci in schizont-stages, Fig. 4E ). When α-amanitin was included in the transcriptional buffer, the number of transcriptional sites was reduced to two perinuclear foci in early stages (2.02 ± 0.69 foci, Fig. 4F ). Simultaneous detection of bromo-UTP RNA and PfPol I confirmed the nucleolar localization of both α-amanitin-resistant transcriptional foci (Fig. 4G) , and two-color DNA FISH confirmed that A1 and A2 rRNA genes were dissociated in ∼80% of the nuclei (n = 103, Fig. 4H ). These observations suggest the presence of two single-gene Pol I "transcription factories" (22, 23) within the nucleolus (Fig. S6A) , which may be adequate for such highly transcribed genes. In late-stages, the α-amanitin-resistant transcriptional sites were barely visible (Fig. 4F) . Taken together, these results show an apparent correlation between spatial nuclear organization, rRNA synthesis and the cell cycle.
Discussion
This work shows a remarkable degree of spatial organization in the nucleus of malaria parasites. By developing a variety of tools, we defined different nuclear landmarks in P. falciparum parasites. In addition to the perinuclear virulence gene clusters (telomeric and nontelomeric) (16, 24) , we report here previously uncharacterized gene territories: the rRNA genes in the nucleolus and the transcription sites. Notably, these functionally differentiated subnuclear compartments are derived from the clustering of genes located in heterologous chromosomes. The nucleolar compartment is shown here to bring together active and silent rDNA loci from five different chromosomes (Fig. 3E, model) . The silent telomeric clusters are composed of four to seven heterologous chromosome ends (16, 25) and the low number of total transcription sites certainly imply the juxtaposition of active genes from different chromosomes (22, 23, 26) (Fig. S6A, model) . This scenario of multiple interchromosomal associations makes P. falciparum apparently distinct from the two current models of interphase chromosome organization: the Rabl configuration (18, 27) , with centromeres and nucleolus at opposite sites of the nucleus, and the discrete chromosome territories (28) .
The question arises of what forces drive these interchromosomal associations? Experimental evidence in this protozoan parasite suggests that DNA sequence and histone modifications might be crucial for nuclear spatial organization. It was shown that P. falciparum subtelomeric repeated sequences (including rep20) are necessary for telomeric cluster formation (29) , and plasmids containing rep20 localized together with telomeric clusters (30) . It was also reported that trimethylation of K9 on histone H3 is likely involved in promotion of chromosomal loop interactions with the nuclear periphery (24) (Fig. S6B, model) . In the present study, we describe rDNA sequence as another genomic element implicated in nuclear positioning. We show that the rDNA sequence can override inherent nuclear positioning of chromosomes or episomes into the nucleolus (Fig. 2) . Moreover, rDNA clustering appears to restrict chromosomal interactions by favoring the clustering of subtelomeric rDNA-carrying chromosome ends (Fig. 3) . These observations may serve as a basis for a model of spatial nuclear organization for other gene families scattered over the P. falciparum linear genome, as well as for other Aplicomplexa parasites in which single rDNA units are also dispersed on different chromosomes (31) .
Another remarkable feature of P. falciparum nuclear architecture is that it undergoes dynamic changes throughout the 48-h blood-stage cycle. Unlike yeast in which the nucleolus remains intact as the cell progresses through mitosis (2, 32), in P. falciparum we found the nucleolus to disassemble during replicative and dividing stages, the same time at which the telomeric clusters have also been observed to break apart (33) . This event is linked with a dramatic decrease in rRNA gene transcription (Fig. 4D) . By contrast, the number of the α-amanitin-sensitive transcription sites is strikingly increased at late stages (Fig. 4E) , which is consistent with the increase in parasite transcriptional activity observed at this time (34, 35) . In conclusion, these observations clearly show a coordinated cascade of spatial nuclear organization linked to the control of gene transcription. Moreover, our work . Numbers of nuclei analyzed are as follows: chr1-chr5, n = 112; chr1-chr11, n = 101; chr1-chr13, n = 118; chr1-chr6, n = 111; chr1-chr12, n = 93. Average nucleus diameter (± SD) for these experiments is 2.09 ± 0.22 μm. (E) Schematic recapitulating nucleolar clustering of dispersed rRNA genes and the nucleolus-associated telomeric cluster. We propose that this rDNA cluster impose physical constraints that may shape the global genome nuclear organization, with potential consequences for gene expression in P. falciparum parasites.
opens avenues into understanding the complex processes that control malaria parasite-mediated virulence and stage-specific gene expression.
Materials and Methods
Parasites, Plasmid Construction, and Transfection. P. falciparum blood stage parasites were cultured under conditions described previously (36) and synchronized by consecutive plasmagel and sorbitol treatments.
To prepare the pLN-rDNA plasmid, we PCR amplified a ∼3.4-kb rDNA fragment from 3D7 genomic DNA with primers containing restriction sites for the enzymes BamHI and BlpI, and cloned into the attP containing plasmid pLN-ENR-GFP (14) . The plasmid control (pLN-ctrl) was obtained by digestion of pLN-rDNA with the enzyme HindIII to remove the rDNA fragment. Plasmids were verified by sequencing before transfection.
Ring-stage parasites were transfected by electroporation as previously published. (37) . For episomal parasite lines, we transfected parasites from 3D7 strain and selection was done using 2.5 μg/mL blasticidin hydrochloride. For site-specific plasmid integration, 3D7 attB or A4 attB parasite lines were cotransfected with the pINT plasmid (14, 15) and selection was done using 2.5 μg/mL blasticidin hydrochloride and 300 μg/mL G418 sulfate. The presence of the plasmids, integrity of the fragment and plasmid integration were confirmed by PCR using different combinations of primers. Sequences of primers used for cloning or PCR analysis are listed in Table S1 .
Antibodies. A rabbit anti-PfPol I antibody was prepared by Sigma-Genosys; rabbits were immunized with a synthetic peptide coupled with a KLH/MBS carrier, N-CYEEGRGYDIDEQND-C. Antibodies against PfNop5 were obtained from Eurogentec; the antibody generation protocol consisted of immunizing rats with two synthetic peptides coupled to a KLH/MBS carrier: N-CFNKRKSDFRFKREAD-C and N-KFQNAFDETNKLMESC-C. Anti-BrdU mouse monoclonal antibody was purchased from Santa Cruz Biotechnology. AlexaFluor 488-or 568-conjugated goat anti-rabbit, anti-rat, or anti-mouse highly cross-absorbed antibodies were purchased from Invitrogen.
Immunofluorescence and FISH. Immunofluorescence assays were performed on synchronized parasites fixed in suspension as described previously (33) . Antibodies dilutions were as follows: rabbit anti-PfPolI 1:500 or 1:1,000, rabbit anti-PfNop1 1:100, rat anti-PfNop1 1:50, rat anti-PfNop5 1:50, and secondary antibodies 1:500. DNA FISH was performed on parasites fixed in suspension as described previously (33) . For immuno-DNA FISH, parasites were first subjected to immunofluorescence, postfixed in 4% paraformaldeyde for 15 min, deposited on microscope slides, permeabilized in 0.1% Triton X-100 and hybridized with FISH probes at 72°C for 10 min and then at 37°C overnight. For immuno-RNA FISH, parasites were treated as for immuno-DNA FISH, except that hybridization was performed at 37°C overnight only. A telomere probe (rep20 or TARE6) was obtained as described elsewhere (33) . All other FISH probes were PCR-amplified from 3D7 genomic DNA using the primers listed in Table S1 .
Br-UTP Transcription Assay. Br-UTP incorporation was adapted from a previous protocol (38) . Synchronized cultures of parasites were permeabilized with saponin, washed and resuspended in transcriptional buffer (50 mM Hepes, 100 mM KCl, 5 mM MgCl2, 0.5 mM EGTA, 0.5mM PMSF, 5 mM DTT, 100 U/mL RNase inhibitor, 2 mM ATP, 1 mM CTP, 1 mM GTP, and 0.5 mM Br-UTP). After 15-30 min of incubation at 37°C, parasites were fixed with 4% paraformaldehyde for 15 min. Parasites were then subjected to immunofluo- Ring-stage parasites show a half-moon perinuclear nucleolus. In trophozoites, PfPol I shows an additional diffuse pattern in the nucleoplasm and cytoplasm. In schizont segmented forms, PfPol I appears to relocalize at the nuclear periphery (Fig. S4 ). (C) ChIP analysis of PfPol I occupation on the individual rRNA genes (A1, A2, S1, and S2) during blood-stage cycle (mean ± SEM; n = 4). (D) Relative rRNA gene transcription throughout the blood-stage cycle. S2 values were set to 1 (mean ± SEM; n = 3). (E) Br-UTP labeling of nascent RNA (green, mean ± SD: rings 5.51 ± 1.57 foci/nucleus, n = 69; trophozoites 11.09 ± 3.30, n = 56; schizont-stages >20 foci). (F) Br-UTP labeling of nascent RNA in the presence of α-amanitin (green; rings 2.02 ± 0.69 foci/nucleus, n = 61). (G) Colocalization of α-amanitin-resistant foci (green) with nucleolus (red, PfPol I). (H) Two-color DNA FISH of A1 (green) and A2 (red) rRNA genes in ring-stage parasites (colocalization 23.30%, n = 103). In all images, parasite nuclei are shown by DAPI staining (blue). (Scale bars, 2 μm.) rescence assays using an anti-BrdU antibody as described above. rRNA transcription sites were detected by including α-amanitin (200 μg/mL) in the transcriptional buffer.
Image Analysis. Images were captured using a motorized Nikon Eclipse 80i epifluorescence microscope with a CoolSnap HQ2 camera. NIS Elements 3.0 software was used for acquisition and measurements of distances and nuclear diameter. ImageJ (http://rsbweb.nih.gov/ij/) was used for composition. Chromatic aberrations were corrected in all images by aligning the red, green, and blue channel signals from 0.2 μm TetraSpeck microspheres. Data obtained are 2D images of the 3D parasite nuclei. Thus, accidental overlap of fluorescence signals cannot be ruled out. For all figures, 50-200 nuclei were scored from at least three independent experiments, and colocalization/association was defined as any overlap between two fluorescent signals. For scoring relative position to the nucleolus, we used three categories: association, adjacent, and apart.
Transcript Analysis. Total RNA was isolated from synchronized cultures using the TRIzol method (39) . Extracted RNA was DNase-treated and reversetranscribed with SuperScript II Reverse Transcriptase using random hexamers. Real-time PCR was performed in duplicate using a Realplex4 EpgradientS thermal cycler. The pairs of primers used are listed in Table S1 . The transcription level of each rRNA gene was assessed using the equation obtained through the standard curve.
ChIP Analysis. The ChIP assay was performed using a previously described protocol (19, 25) , with some modifications. Parasite cultures were treated with saponin and cross-linked with 1% formaldehyde for 10 min. Approximately 10 μg of chromatin was incubated at 4°C with 7.5 μL anti-PfPol I and the respective preimmune serum or rabbit IgG. Input and immunoprecipitated DNA was analyzed by real-time PCR as described above, using the primer pairs listed in Table S1 . We calculated the percentage of immunoprecipitation for PfPol I and IgG, and then the ratio PfPolI/IgG. Preimmune serum and rabbit IgG produced similar results.
